been linked to the development of lipodystrophy. The effects of atazanavir on body fat distribution and related metabolic parameters were examined in antiretroviral-naive patients.
Since the late 1990s, increasing numbers of HIV-infected patients have been found to have lipodystrophy. HIV-related lipodystrophy is characterized by disturbances in the normal distribution of body fat, including peripheral lipoatrophy of the face, limbs, and buttocks and/or fat accumulation in the abdomen and breasts and at the base of the neck [1, 2] . Clinical estimates place the incidence of HIV-related lipodystrophy in the range of 13%-83%, depending on the patient population [1, [3] [4] [5] [6] [7] , and patients can demonstrate some or all of the features of the disorder. In one study [5] , 49% of patients had у1 sign of fat maldistribution; central adiposity was the most common feature noted, followed by thinning of the extremities and buttocks, sunken cheeks and other facial changes, and enlargement of the dorsocervical fat pad. Alterations in fat distribution can occur in conjunction with a variety of metabolic disorders, including dyslipidemia [1, 3, 4, 7] , hyperglycemia [3, 8] , insulin resistance [9] [10] [11] , and di-abetes [9] . Collectively, peripheral lipoatrophy, central adiposity, dyslipidemia, and insulin resistance are known as "lipodystrophy syndrome" [7] .
HIV-related fat accumulation is most frequently associated with protease inhibitor therapy [2-4, 7, 12, 13] , although it is also seen, to a lesser extent, with the use of nucleoside reversetranscriptase inhibitors [5, 6, 14, 15] . Attempts to precisely quantify the effects of antiretroviral therapy on fat distribution have been limited by the lack of criteria for diagnosing and rating the severity of lipodystrophy [7] , and most investigations have been based on patient self-reports and/or clinical observation. However, studies using objective measures, such as dualenergy x-ray absorptiometry (DEXA) and CT, have confirmed clinical observations demonstrating the involvement of protease inhibitors in the development of lipodystrophy. As diagnostic tools, DEXA scans are suitable for estimating overall amounts of appendicular and truncal fat, whereas CT scans provide accurate estimations of subcompartment distribution of subcutaneous and visceral fat [16] . As such, DEXA scans have documented a greater severity of peripheral lipoatrophy associated with nelfinavir therapy than with efavirenz therapy [15] , and abdominal CT scans have shown that indinavir is associated with the accumulation of intraabdominal (visceral) fat [2] .
To varying degrees, the majority of protease inhibitors have been associated with the metabolic disturbances and/or morphological alterations that constitute lipodystrophy syndrome [9, 14] . Recently, however, a once-daily azapeptide protease inhibitor, atazanavir, has become available that does not result in the lipid level elevations characteristic of other protease inhibitors [17, 18] . In addition to clinical data demonstrating a favorable safety profile in terms of lipid effects, in vitro studies have shown that atazanavir does not increase lipid synthesis in hepatocytes or suppress lipid synthesis in adipocytes [19] . Moreover, unlike other protease inhibitors tested, atazanavir does not inhibit insulin-stimulated glucose transport via glucose transporter (GLUT)-4 in vitro, a measurement of insulin resistance [20] . A placebo-controlled clinical study that compared the effects of atazanavir with those of lopinavir/ritonavir on insulinstimulated glucose disposal and glycogen storage rates showed that atazanavir had no effect on either of these parameters, nor did it induce insulin resistance. In contrast, lopinavir/ritonavir reduced insulin-stimulated glucose disposal and the rate of glycogen storage and induced insulin resistance [21] . In a smaller, uncontrolled open-label study by Lee and colleagues [22] , statistically and clinically significant induction of insulin resistance was not detected by euglycemic hyperinsulinemic clamp, but it was detected by oral glucose tolerance testing.
The benign effects of atazanavir on metabolic parameters suggest that the drug may also have a reduced ability to induce lipodystrophy. We report the effects of atazanavir on body fat distribution and other metabolic parameters in antiretroviralnaive HIV-infected patients. Patients were recruited from a larger phase III clinical trial (BMS AI424-034) for the reported metabolic study that compared the efficacy and safety of atazanavir and efavirenz, each administered in combination with fixed-dose zidovudine and lamivudine.
METHODS

Study
The main phase III study was a multinational, randomized, double-blind comparative trial in 810 patients at 91 study centers in Europe, Asia, Africa, and North, Central, and South America. The trial has been described elsewhere [23] . In brief, for inclusion in the study, patients had to be aged у16 years and have a baseline plasma HIV RNA level of у2000 copies/ mL and a baseline CD4 cell count of у100 cells/mm 3 (or у75 cells/mm 3 with no prior history of any AIDS-defining diagnosis). Patients were excluded from participation if they had received prior antiretroviral therapy (defined as treatment for 130 days with nucleoside reverse-transcriptase inhibitors and/ or 17 days with nonnucleoside reverse-transcriptase inhibitors or protease inhibitors) or any antiretroviral therapy within 30 days prior to screening. Randomization was performed to 1 of 2 treatment arms on a 1:1 basis: (1) atazanavir, 400 mg given once daily, plus efavirenz placebo; or (2) efavirenz, 600 mg given once daily, plus atazanavir placebo; each was given in combination with fixed-dose zidovudine and lamivudine (300 mg and 150 mg, respectively, twice daily).
Metabolic Substudy
Objectives. The primary objective of the metabolic substudy was to assess the effect of atazanavir on abdominal fat distribution, as measured by change in visceral adipose tissue (VAT) levels from baseline to week 48. Secondary objectives of the study included assessment of the effect of atazanavir on (1) abdominal fat distribution, as measured by changes from baseline in subcutaneous adipose tissue (SAT) level, total adipose tissue (TAT) level, and ratios of SAT level to VAT level and of VAT level to TAT level at week 48; (2) appendicular fat level, as measured by changes from baseline in total fat of the appendages and the percentage of appendicular fat relative to total body fat at week 48; and (3) truncal fat level, as measured by changes from baseline in total truncal fat level and the percentage of truncal fat relative to total body fat at week 48. Relative differences between atazanavir-and efavirenz-containing regimens were to be assessed. In addition, also described were the effects of the 2 treatments on metabolic parameters, including total cholesterol, fasting low-density lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL) cholesterol, fasting triglyceride, and non-HDL cholesterol level and insulin resistance, as measured by changes in fasting glucose and fasting insulin levels from baseline through week 48. Patient selection. Sites were selected to participate in the substudy on the basis of the availability of DEXA and CT scan equipment and investigator interest and ability. Patient participation was voluntary and was offered to all those in the main phase III study who were enrolled at participating sites, with the exception of those who had uncontrolled hypercholesterolemia, a history of endocrine diseases, triglyceride levels of 1750 mg/dL, or uncontrolled hypogonadism or who were receiving agents associated with metabolic changes or fat distribution. Patients who were receiving lipid-lowering agents, growth hormone, megestrol acetate, anabolic agents, anticytokine agents, ketoconazole, or systemic glucocorticosteroids within 6 months of study entry were also excluded.
A total of 211 patients from study centers in 7 countries (2 in Europe, 1 in North America, 3 in Central America, and 1 in South America) participated in the substudy. A total of 111 patients received atazanavir, and 100 received efavirenz.
Fat distribution measurements. All DEXA and CT measurements were obtained prior to any medical intervention for increased cholesterol or triglyceride levels. SAT, VAT, and TAT levels were measured by CT scan in square centimeters with a single slice at L4-L5; total body fat, total appendicular fat, and total truncal fat levels were measured by DEXA scan in kilograms. DEXA and/or cross-section CT scans were performed at baseline and at week 48. Patients who discontinued the study before week 48 underwent DEXA and CT at their final visit, provided that visit was at or after week 24, and these data served as their week 48 measurements. All DEXA and CT scan results were submitted to a central reader for interpretation.
Analyses relating to fat distribution included patients treated with atazanavir or efavirenz who had DEXA and CT assessments at baseline and after week 24 obtained before initiation of lipid-lowering therapy. Primary analyses included only patients treated with atazanavir. However, for reference, descriptive analyses of changes in fat concentrations measured with DEXA or CT methodology were also conducted for patients treated with efavirenz. In the primary analysis, VAT summary statistics were computed for baseline, week 48, and change from baseline. The difference in the mean change from baseline in VAT level at week 48 was computed along with a 2-sided 95% CI based on a t test. Summary statistics were also computed for baseline, week 48, and change from baseline for the secondary outcome measures of SAT level, TAT level, appendicular fat level, percentage of appendicular fat relative to total body fat, total truncal fat level, percentage of truncal fat relative to total body fat, ratio of SAT level to VAT level, and ratio of VAT level to TAT level. Differences between treatment regimens (atazanavir and efavirenz) were computed with 95% CIs for CT measurements (i.e., VAT, SAT, and TAT levels) and DEXA measurements (i.e., appendicular, truncal, and total body fat levels).
In addition, mean levels at baseline and week 48 were assessed for total cholesterol, fasting LDL cholesterol, HDL cholesterol, non-HDL cholesterol, fasting triglycerides, fasting glucose, fasting insulin, and fasting Homeostasis Model Assessment of Insulin Resistance (HOMA-IR). Mean changes from baseline at week 48 for these parameters were also assessed. The mean ratio of total cholesterol level to HDL cholesterol level was assessed at baseline and week 48.
RESULTS
Patient demographic characteristics and baseline data. Patients in the 2 treatment groups had comparable baseline characteristics (table 1) . As a whole, the substudy population had a median age of 30 years and was predominantly male (73%).
Most of the patients were Hispanic or white (48% and 45%, respectively) and from South America or Europe (49% and 42%, respectively). Prior injection drug use was reported for 11% of the participants. Three percent of patients had a prior Centers for Disease Control and Prevention Class C AIDSdefining illness. The median plasma HIV RNA level and CD4 cell count were 4.75 log 10 copies/mL and 328 cells/mm 3 , respectively. The median body mass index (calculated as weight in kilograms divided by the square of height in meters) was 23.2, indicating a generally lean population.
The substudy population differed racially and geographically from the population of the main study, reflecting the locations of the substudy sites. In the main study, fewer patients were Hispanic and white (37% and 33%, respectively), and fewer patients were from South America and Europe (34% and 28%, respectively). The substudy also differed from the main study in that 27% of the participants were female, compared to 35% in the main study.
Patients who had paired CT and DEXA scan results (at baseline and 48 weeks) were included in the analyses of changes from baseline to week 48; a total of 62 of 111 patients in the atazanavir arm and 47 of 100 patients in the efavirenz arm had paired CT scan results, and 77 of 111 patients in the atazanavir arm and 63 of 100 patients in the efavirenz arm had paired DEXA scan results.
CT scan results. Although baseline SAT and TAT scores were slightly higher in the atazanavir group than in the efavirenz group, the 2 treatment arms were generally comparable (table  2) . At week 48, modest but statistically significant increases of 15.3 cm 2 (increase of 33%) and 14.1 cm 2 (increase of 23%) were noted in VAT level and 28.0 cm 2 (increase of 21%) and 21.6 cm 2 (increase of 10%) were noted in TAT level for the atazanavir and efavirenz arms, respectively (figure 1). Smaller increases that were not statistically significant were observed in SAT level for both atazanavir-and efavirenz-treated patients. Mean percentage increases from baseline in VAT, SAT, and TAT were higher in the atazanavir group than in the efavirenz group. Changes from baseline at week 48 in mean ratios of VAT level to TAT level, VAT level to SAT level, and SAT level to TAT level, however, were minimal, yet they were comparable between treatment regimens (table 3) .
DEXA scan results. The baseline appendicular, truncal, and total body fat measurements were comparable between treatment groups (table 2) . Mean percentage changes from baseline at week 48 in these parameters were not significant, yet they were comparable in the atazanavir and efavirenz arms (figure 2). No significant changes from baseline were observed in the ratios of appendicular fat to total fat or of truncal fat to total fat in either treatment group (table 3) . Weight. Baseline measurements in the 2 groups were similar (mean weight, 67 kg for the atazanavir group and 68 kg for the efavirenz group). At week 48, mean increases in body weight were 2 kg for the atazanavir group and 0 kg for the efavirenz group.
Metabolic measurements. Atazanavir was not associated with any statistically significant increase in LDL cholesterol level or total cholesterol level (table 4) . At week 48, patients receiving atazanavir had a 1% increase in total cholesterol level and no increase in fasting LDL cholesterol level, compared with a 20% increase in total cholesterol level and a 17% increase in fasting LDL cholesterol level observed in those treated with efavirenz. Fasting triglyceride and non-HDL cholesterol levels were reduced by 6% and 1%, respectively, in the atazanavir group, compared with respective increases of 16% and 18% in patients receiving efavirenz. The HDL cholesterol level increased by 11% in the atazanavir group and 21% in the efavirenz group. The changes in fasting glucose levels at week 48 were comparable between the 2 treatment groups (table 3) . There was a slight decrease in the fasting insulin level in the atazanavir arm, compared with a slight increase in the efavirenz arm. Homeostasis model assessment of insulin resistance [24] revealed a small decrease for the index in atazanavir-treated patients from baseline at week 48; the minimal increase observed for efavirenz-treated patients was not statistically significant.
DISCUSSION
In this study, 48 weeks of therapy with atazanavir plus fixeddose zidovudine and lamivudine resulted in changes in body fat that were consistent with immune reconstitution and weight gain caused by improved health status. Mean absolute and percentage changes from baseline in appendicular, truncal, and total fat levels in atazanavir-treated patients were comparable to those seen in efavirenz-treated patients. Increases observed in VAT, SAT, and TAT levels from baseline to week 48 were modest in both treatment groups. No meaningful changes from NOTE. Changes in lipid percentages were calculated only for patients who had both a baseline result and a result at week 48. Data from patients who initiated lipid-lowering therapy were censored from these analyses. HDL, high-density lipoprotein; HOMA-IR, homeostasis model assessment of insulin resistance; LDL, low-density lipoprotein.
baseline were observed on either regimen in the ratios of appendicular fat to total fat or of truncal fat to total fat. Adipose tissue ratios also remained relatively constant, consistent with DEXA scan results. Particularly important, the ratio of VAT level to TAT level-a recognized marker of central adiposityremained stable, at ∼0.3 in both treatment groups.
Few data exist with respect to DEXA and CT measurements in control subjects that would allow individual patients to be classified as having normal or abnormal fat distribution, and there is a large amount of variation in body fat mass and abdominal girth in the general population [1, 16] . However, in a study of indinavir-treated patients, those complaining of increased abdominal girth had a mean ratio of VAT level to TAT level of 0.70, whereas those who had been treated with indinavir for a mean of 9.7 months but were asymptomatic had a mean ratio of 0.59. HIV-infected patients who had not been treated with indinavir had a mean ratio of VAT level to TAT level of 0.40 [2] . The differences in this ratio between each of the indinavir-treated groups and the control group were statistically significant; however, no significant difference was observed between the indinavir-treated groups. One limitation of this study is that the assessment was only conducted through week 48, which may be too soon to observe manifestations of fat redistribution. Additionally, some cohort studies have suggested the contributions of baseline immunologic status to fat redistribution [5] . This study only assesses patients with a baseline CD4 cell count of у100 cells/mm 3 who may be at higher risk for lipoatrophy. This exclusion may limit the ability to observe some manifestations of fat redistribution potentially related to baseline immunologic status.
In line with previous findings and in contrast with results for other protease inhibitors, atazanavir did not result in significant increases in total cholesterol, fasting LDL cholesterol, non-HDL cholesterol, or fasting triglyceride levels. In addition, atazanavir did not result in substantive increases in fasting glucose, fasting insulin, or insulin resistance indices.
Although the etiology of HIV-related lipodystrophy has not been fully elucidated, a variety of mechanisms have been proposed. On the basis of the partial homology between HIV protease and LDL receptor-related protein, a protein that promotes the storage of triglycerides in adipocytes, it has been suggested that inhibition of LDL receptor-related protein by protease inhibitors may lead to hypertriglyceridemia, which may in turn contribute to the morphological redistribution of fat characteristic of protease inhibitor-induced lipodystrophy [25] [26] [27] . HIV protease also shares partial homology with cytoplasmic retinoic acid-binding protein type-1, a protein involved in an early step in the inhibition of adipocyte apoptosis and the upregulation of adipocyte proliferation and differentiation [26, 27] . Conceivably, by inhibiting the function of cytoplasmic retinoic acid-binding protein type-1, protease inhibitors may cause increased apoptosis and decreased differentiation and proliferation of peripheral adipocytes [25, 27] . Possible consequences of these effects include the inability of fatty tissue to clear circulating triglycerides and the release of lipids into the blood by apoptotic lipocytes [25] [26] [27] .
Recently, a complex model linking lipid, insulin, and fat distribution disturbances has been proposed [28] . In this model, the inhibitory effects of protease inhibitors on both the differentiation of proliferating preadipocytes to mature adipocytes and the proteasomal degradation of sterol regulatory element-binding protein (SREBP)-1, a key lipogenic transcription factor, result in increased levels of SREBP-1 [1, 26, 29] . This increase in SREBP-1 leads to increased levels of cholesterol and triglycerides, which in turn may increase insulin resistance [1, 26] . Protease-induced inhibition of GLUT-4 may further exacerbate the increase in insulin resistance [1, 20] . Increased levels of SREBP-1 and perhaps the inhibition of GLUT-4 may also contribute to the development of peripheral lipoatrophy, which has the effect of further increasing insulin resistance [1, 30] . In turn, increased insulin resistance may fuel greater peripheral lipoatrophy [20, 31] . In a study comparing the majority of available protease inhibitors, atazanavir demonstrated the least interference with GLUT-4, triglyceride synthesis, and proteasomal activity, providing a possible explanation for the results obtained in the present study [20] .
Atazanavir and efavirenz were associated with proportional effects on body fat distribution through 48 weeks of treatment of previously antiretroviral-naive patients. Minimal-to-modest increases in fat level were consistently noted in both groups in all compartments. Fat increases observed were consistent with successful HIV treatment and a return to health. In addition to its lack of effect on fat distribution, atazanavir did not induce other metabolic disturbances commonly associated with HIV lipodystrophy. Additional long-term comparative data are needed for treatment-experienced patients. In addition, longerterm (e.g., 96-week) follow-up of the present treatment-naive cohort is needed to confirm the findings of this study.
